This study investigated the photosynthetic rate of the lichen Endocarpon pusillum at the Chinese Academy of Sciences Shapotou Desert Research Station and estimated its annual contribution to the carbon budget in the ecosystem. The software SigmaPlot 10.0 with "Macro-Area below curves" was used to calculate the carbon fixation capacity of the lichen. The total carbon budget (ΣC) of the lichen was obtained by subtracting the respiratory carbon loss (ΣDR) from the photosynthetic carbon gain (ΣNP). Because water from precipitation plays an important role in photosynthesis in this ecosystem, the annual carbon budget of E. pusillum at the station was estimated based on the three-year average precipitation data from 2009 to 2011. Our results indicate that the lichen fixes 14.6 g C m 2 annually. The results suggest that artificial inoculation of the crust lichen in the Tengger Desert could not only help reduce the sand and dust storms but also offer a significant carbon sink, fixing a total of 438000 t of carbon over the 30000 km 2 of the Tengger Desert. The carbon sink could potentially help mitigate the atmospheric greenhouse effect. Our study suggests that the carpet-like lichen E. pusillum is an excellent candidate for "Bio-carpet Engineering" of arid and semi-arid regions.
The vegetation for sand control planted since 1956 in the Shapotou region of the Tengger Desert in northwest China has led to high soil water loss in the region [1] [2] [3] . The changes in soil water content were observed 10 years after the artificial vegetation was planted [4] . By contrast, ecological niches with native crust microbial communities showed little change in their soil water content [5] . In addition, these crust microbial communities have helped stabilize the sands, with relatively few incidences of sand and dust storms [6] . This suggests that carpet-like crust microbial communities can be used to maintain and revitalize the water balance of arid and semi-arid regions, via a process called "Bio-carpet Engineering" [7] .
Microbiotic crusts consisting of bacteria, fungi, algae, lichens, and bryophytes colonize most terrestrial surfaces, especially in arid and semi-arid regions. These crust microbial communities are able to fix carbon and nitrogen from the atmosphere [8] . This enriches the fertility of the sand and soil, reduces sand and dust storms, and potentially contributes to mitigating the atmospheric greenhouse effect. Of the various crust organisms, lichens are usually the most common.
A lichen is a symbiotic association of a fungus (mycobiont) and a photosynthetic partner (photobiont), which may be an alga (phycobiont) or a cyanobacterium (cyanobiont). The association is a complicated arrangement in which the fungus produces a thallus, or body, within which the photobionts are housed [9] . Therefore, the lichen-forming fungi together with photosynthetic algae and/or cyanobacteria in symbioses as lichens appear to function like a single autotrophic "organism" [10] . The relationship is a relatively stable and well-balanced symbiotic association containing both heterotrophic and autotrophic components. Indeed, the lichen can be regarded as a self-contained miniature ecosystem [11] [12] [13] .
In lichens, carbohydrate acquisition is directly related to photosynthesis performed by the photobionts algae or cyanobacteria, while minerals and water are acquired through the thallus. Since mycobiont hyphae almost always make up the dominant part of the lichen biomass, it is reasonable to assume that the fungal hyphae acquire most of the water and minerals, similar to the functions of roots in plants. However, unlike plant roots, the cyanobacteria in lichens can fix nitrogen, converting N 2 to NH 3 . In addition, polyols, the secondary carbon metabolites, and cell walls of lichens have been proposed as major carbon sinks [14] .
The photosynthetic and respiratory CO 2 exchange rates of three soil-crust lichens, Acarospora cf. schleicheri, Caloplaca volkii and Lecidella crystallina have been measured in the Namib Desert in South Africa. When experimentally exposed to optimal conditions of light and hydration, the lichen soil crusts in the Namib Desert showed a photosynthetic potential almost equal to that of higher plant leaves [15] . The potential carbon sinks offered by the carpet-like lichens covering arid and semiarid deserts can make a positive contribution to mitigating the atmospheric greenhouse effect.
In this preliminary study of a "Bio-carpet Engineering" project using the carpet-like lichens to control the spread of sandy deserts, the photosynthetic rate of the lichen Endocarpon pusillum was measured at the Chinese Academy of Sciences (CAS) Shapotou Desert Research Station (SDRS) which is located in the Ningxia Hui Automonous Region on the southeast edge of the Tengger Desert at 37°32′N and 105°02′E with an elevation of 1339 m. The mean annual air temperature is 10.0°C with a recorded minimum temperature of 25.1°C and maximum temperature of 38.1°C. The annual sunlight exposure is 3264 h; the mean annual precipitation is 180.2 mm, and the annual evaporation is 3000 mm. These values place this region in the arid desert zone [16] [17] [18] .
The lichen E. pusillum is one of the dominant species among the crust organisms at the CAS SDRS. However, the potential carbon sink offered by the lichen and its contribution to the global cycles of carbon have not yet been quantified. In this study, the field measurements of the photosynthetic rate of the lichen at the CAS SDRS were performed and its potential carbon fixation was calculated.
Materials and methods

Materials
Fresh samples of the lichen E. pusillum for the laboratory measurements were collected from the SDRS 2 d before measurements. Its phycobiont Diplosphaera chodatii Bialosuknia [19] was isolated from the hymenial algal cells of the lichen. The strain of D. chodatii for the study is permanently stored in Centre for General Microbiological Culture Collection (CGMCC), and the specimen of the lichen E. pusillum is kept in Herbarium Mycologicum Academiae Sinicae (HMAS-L). Field measurements of E. pusillum photosynthetic rates were conducted at the CAS SDRS.
Chlorophyll extraction for quantification
The photosynthesis of the lichen E. pusillum is performed by its phycobiont partner. Therefore, comparison of the photosynthetic rates between the lichen E. pusillum and its phycobiont D. chodatii is necessary. Here we will start with quantifying chlorophylls from both the lichen and the alga.
For this test, the phycobiont was maintained in an axenic liquid culture in 300 mL of Bold's Basal Medium [20] Chlorophyll extraction was performed with dimethyl sulfoxide (DMSO) [21] . Four milliliter of DMSO was added to centrifuge tubes containing either D. chodatii or the lichen E. pusillum. The tubes were placed in a water bath at 65°C for 40 min to extract the chlorophyll. The extracts were centrifuged at 300×g for 1.5 min. The supernatants were scanned with an ultraviolet spectrophotometer (DU-800) between the wavelengths of 400-700 nm with a slit of 1 nm. The absorption peaks of the chlorophyll of both the E. pusillum and D. chodatii were very similar: 2.4 at 435 nm and 1.4 at 665 nm. The result indicates that the chlorophyll content in 1 cm 2 of the lichen E. pusillum is equal to that in the phycobiont D. chodatii suspension of 200 L. Each experiment was repeated three times.
Laboratory measurement of E. pusillum and D. chodatii photosynthetic rates
For comparison, the photosynthetic rates based on CO 2 exchange in the green algal lichen E. pusillum and its phycobiont D. chodatii were measured. CO 2 exchange was measured under controlled conditions with a Handheld Photosynthesis System CI-340 (CID Bio-Science, Inc., USA). A fresh sample of the lichen E. pusillum was collected from the CAS SDRS 2 d before measurement. Ten square centimeters of water-saturated lichen was placed on a watersaturated soil layer in a leaf chamber of 10 cm 2 . For the phycobiont, a 2 mL suspension of cells prepared as described above was spread onto a thin sand layer in another leaf chamber. The saturated lichen was sprayed with water equivalent to >2 mm of precipitation. The measurements of both the lichen E. pusillum and its phycobiont D. chodatii were carried out at temperatures of 5°C, 20°C and 30°C, and under red light intensities of 0, 100, 200, 400, 800, 1200, 1600, 2000 and 2400 mol m 2 s 1 gradient, and CO 2 concentration of 600±50 ppm. Each experiment was repeated three times. The respiratory rate of E. pusillum in the dark was also measured under the conditions simulated the field conditions.
Field measurements of E. pusillum photosynthetic rates
CO 2 exchange in the field was measured under natural conditions with a Handheld Photosynthesis System CI-340 (CID Bio-Science, Inc., USA) at the CAS SDRS. The four different vegetation zones at the CAS SDRS contain crusts of different ages. The eldest crust is in the 1956 artificial vegetation zone, and the youngest one in the 1990 zone. Measurement of E. pusillum photosynthetic rates was conducted in the 1956 artificial vegetation zone.
A 10 cm 2 area was transferred to the leaf chamber for measurement. The leaf chamber was not enclosed after each measurement, so the CO 2 concentration in the chamber was equal to that in the atmosphere. Each sample was measured for 2 min and repeated an average of three times per hour. The field measurements were typically conducted from 5:00 a.m. to 8:00 p.m. of June 30-July 8, October 25-November 9 in 2010, and April 5-16, December 26-28 in 2011.
Estimated carbon budget of E. pusillum in the field
The carbon budget (ΣC) of E. pusillum lichen crust was obtained by subtracting the respiratory carbon loss (ΣDR) from the photosynthetic carbon income (ΣNP) (ΣC=ΣNP ΣDR) [22] . SigmaPlot 10.0 software with "Macro-Area below curves" was used to calculate the ΣC. Because water availability has a large influence on both photosynthesis and respiration, the ΣC of the lichen per year was calculated and estimated based on the mean annual precipitation from 2009 to 2011 (Figure 1) ( Figure 2C ). The results showed that the Pn of the phycobiont D. chodatii was always higher than that of the lichen E. pusillum, while the respiratory rate of the phycobiont always lower than that of the lichen at all three temperatures. This can be explained by the fact that the photosynthetic rate of both the lichen E. pusillum and the phycobiont D. chodatii is performed by D. chodatii only, but both the mycobiont E. pusillum and the phycobiont D. chodatii contribute to E. pusillum's respiratory rate.
Field measurements of E. pusillum photosynthetic rates and carbon budget calculation
The results of measurements in 2010
The results of the daytime measurements of the photosynthetic rate of the lichen during the 25 days from June 30 to July 8, and from October 25 to November 9 in 2010 at the CAS SDRS indicated that both the respiratory rate (in early morning) and the net photosynthetic rate increased after rainfall (Figure 3) .
Our results showed that in the early morning after a rainfall event on June 30, 2010, the respiratory rate reached 6.3 mol m 2 s 1 , the lowest rate measured in the field.
The Pn increased gradually after 8:00 a.m. and reached a maximum value of 4.8 mol m 2 s 1 at 11:00 a.m. After 11:00 a.m. the Pn declined gradually and reached zero at 1:00 p.m. In the late afternoon, the Pn became negative and the respiratory rate declined to 3.0 mol m 2 s 1 owing to 
Field results in 2011
The results of the daytime measurement of the photosynthetic rate of the lichen during the 15 days from April 5 to 16, and from December 26 to 28 in 2011 at the CAS SDRS showed that the Pn was almost zero throughout the tested periods because of the lack of precipitation, except for the rainfall event on April 5 ( Figure 5 ). There was a shower with a total precipitation of 1.0 mm on April 5, the first rain for 2011. Because of the rain, the carbon sequestration by E. pusillum was relatively high, at 85.2 mg m 2 in the two days after the spring shower. However, there was no rain for 10 days from April 7 to 16 and the total carbon sequestration was low, about 40.1 mg m 2 during these 10 days (Figure 6 ). The combined total carbon assimilation was 125.3 mg m 2 during the 12 days in spring. Winter temperatures at the CAS SDRS are very cold and there is almost no precipitation. The carbon sequestration rates were 16.7, 8.1, and 9.5 mg m 2 in the three days from December 26 to 28, and the total carbon sequestration was only 0.9 mg m 2 .
Respiration rate of E. pusillum in the dark under simulated conditions and the night respiratory carbon loss in the laboratory
Night respiration rate data were obtained in the laboratory under simulated conditions of rainfall, temperature and humidity. The simulated rainfall was given in the morning and the measurement was carried out at night. When more than 2 mm of the simulated rainfall was given, the respiration rate of E. pusillum in the dark was 1 mol m 2 s 1 at 15°C on the night of July 10 only ( Figure   7 ). However, negative (0.8, 0.5, and 0.2 mol m 2 s
1
at 5°C) respiration rates were observed for three consecutive nights after the simulated rainfall on November 10 ( Figure 7) . No obvious respiration was detected at night for E. pusillum when there was 0.5 mm of simulated rainfall on July 12 ( Figure 7) .
The software SigmaPlot 10.0 was also used to compute the nocturnal respiratory carbon loss. The results were then converted into mg C (Figure 8) . When E. pusillum was saturated by spraying with water equivalent to 2 mm precipitation, the respiratory carbon loss was 343.5 mg m 2 after the simulated rain on July 10. However, the total carbon loss was 463.5 mg m 2 in the three nights after simulated rain on November 10 ( Figure 8 ).
Estimating the annual carbon budget
Daytime photosynthetic carbon income (ΣNP)
The average monthly precipitation at the CAS SDRS was relative abundant (>5 mm) in the seven months from May to November during 2009-2011 (Figure 1 ). In these months, the lichen was relatively moist and the carbon assimilation was 2824 mg m 2 in the 25 days during June 30-July 8 and
October 25-November 9 in 2010. Based on this number, the total estimated carbon assimilation was 24173 mg m 2 for the 214 days in the seven months from May to November (Table 1 ). In the five months from December 2010 to April 2011, the average of monthly rainfall was little (Figure 1) , and the lichen was dormant for much of the time in the relative dry Figure 7 The nocturnal respiration rate of Endocarpon pusillum under laboratory simulated precipitation or dry conditions in July 10-13 and November [10] [11] [12] [13] 2010 . RH represents the relative humidity of the leaf chamber. December to April (Table 1) . Altogether, the total carbon assimilation ΣNP was about 25443 mg m -2 per year.
Nocturnal respiratory carbon loss (ΣDR)
According to the laboratory simulation experiments ( Figures   7 and 8 ), the nocturnal carbon loss was 1271 mg m 2 during the period of June 30-July 8 and October 25-November 9 in 2010 at the CAS SDRS. During the 25 days, there were three rainfall events, one in the summer and two in the fall, each of which saturated the lichen thalli with water. Therefore, the carbon loss due to nocturnal respiration was 10880 mg m 2 in the 214 days covering the seven humid months (Table 1) . At the remaining nights the respiratory rates were weak and the carbon loss can be ignored. Based on these estimates, the E. pusillum annual nocturnal ΣDR was 10880 mg m -2 .
Photosynthetic carbon budget (ΣC)
Annual carbon gain is calculated according to the formula ΣC=ΣNPΣDR [22] . Because the annual ΣNP was 25443 mg m 2 and the annual ΣDR was 10880 mg m 2 , the net annual gain of carbon by E. pusillum was 14563 mg m 2 a
1
(Table 1, Figure 9 ).
Conclusion
The results of the experiments show that the amount of carbon fixed by photosynthesis of the lichen E. pusillum at the CAS SDRS is 14.6 g m 2 a 1 . Thirty thousand square kilometers of sand dunes in the Tengger Desert could be turned into a carbon sink capable of fixing 438000 t of carbon per year, if a Desert Biocarpet Engineering project could be carried out using the lichen E. pusillum. a) The field measurements include net photosynthesis (NP) and simulated nocturnal carbon loss (DR) and the similar period (ΣSP) to calculate the photosynthetic carbon income (ΣNP), nocturnal respiratory carbon loss (ΣDR) and total annual carbon budget (ΣC).
Figure 9
Endocarpon pusillum annual gain and loss of carbon, showing the contribution of the rainy months and dry months to the photosynthetic carbon income, nocturnal carbon loss and the carbon budget over a one-year period. 
